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RESEARCH ARTICLE
Novel computer-based assessments of
everyday visual function in people with age-
related macular degeneration
Bethany E. HigginsID, Deanna J. Taylor, Wei Bi, Alison M. Binns, David P. Crabb*




To test the hypothesis that the performance in novel computer-based tasks of everyday
visual function worsens with disease severity in people with non-neovascular age-related
macular degeneration.
Methods
Participants with and without non-neovascular age-related macular degeneration (�60
years, minimum logMAR binocular visual acuity 0.7) performed a series of standard visual
function tests and two novel computer-based tasks. In a visual search task, participants had
to locate an image of a single real-world object within an array of 49 distractor images. Next,
in a series of simulated dynamic driving scenes, participants were asked to identify one or
two approaching real-world road signs and then select these road signs from four options.
Outcome measures were median response times and total correct responses.
Results
Forty-nine participants had no macular disease (n = 11), early/intermediate age-related
macular degeneration (n = 16) or geographic atrophy (n = 22). Groups were age-similar with
median (interquartile range) logMAR visual acuity of 0.00 (-0.08,0.12), 0.13 (-0.08,0.70) and
0.32 (0.12,0.70) respectively. Median (interquartile range) visual search response times
were 1.9 (1.0,2.4), 1.8 (1.1,3.7) and 2.4 (1.2,6.0) seconds respectively. Median (interquartile
range) road sign response times (single road signs) were 1.2 (0.4,1.7), 1.5 (0.9,2.8) and 1.8
(1.0,5.5) seconds respectively. Median (interquartile range) road sign response times (dou-
ble road signs) were 1.7 (0.7,2.4), 2.3 (1.2,3.1) and 2.5 (1.7,6) seconds respectively. Partici-
pants with geographic atrophy recorded slower response times in all tasks and over 50%
performed outside the normative limit for task performance. There were no significant differ-
ences between groups in total correct responses across all tasks.
Conclusions
In a novel computer-based assessment, people with increasing severity of age-related mac-
ular degeneration take longer to perform visual search of everyday objects and take longer
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to identify road signs than those with no age-related macular degeneration. These novel
assessments could be useful as patient-relevant, secondary outcomes for clinical trials.
Introduction
Age-related macular degeneration (AMD) is the most common cause of visual impairment in
the ageing population of developed countries [1]. Dry AMD (non-neovascular), which is
responsible for the vast majority of AMD cases, can typically lead to slow, irreversible loss of
vision [2]. Subsequent visual impairment associated with AMD compromises quality of life
and reduces independence [3]. Due to central vision loss, everyday visual activities can be
made difficult and can eventually become impossible [4]. Standard clinical tests, like measures
of visual acuity (VA), may not capture the nuances of these visual functions, such as for exam-
ple finding something on a supermarket shelf or detecting a road sign. Developing methods to
easily measure everyday visual function is the subject of the work reported in this paper, with
the long-term aim of developing assessments that could be used as meaningful secondary out-
come measures for clinical trials for future potential treatments for AMD.
Looking for something (visual search) is a ubiquitous everyday activity. Visual search is
important to people and we have previously shown this can be measured on a computer-based
task [5, 6]. For example, we have previously demonstrated that people with AMD, certainly
those with advanced disease, have measurable difficulties beyond those observed in visually
healthy peers on a computer-based visual search task [5]. Instead of asking participants to find
synthetic targets or optotypes, as in the case with many studies [7, 8], we used images of every-
day scenes. The small number of studies that have recruited people with AMD and conducted
real-world visual search tasks were primarily focussed on eye movements [9–11] and not out-
comes such as response time.
Visual search is of course, utilised in driving. We reported that a group of people with
AMD that performed significantly slower in a visual search task compared to visually healthy
controls had a median VA within legal driving standards [5]. Hence, this finding may have
implications on driving safety in people with AMD as it may take individuals longer to react to
seeing an impending hazard or important road sign, despite being deemed safe to drive by the
United Kingdom (UK) government guidelines [12, 13].
Investigating the association between vision loss from AMD and driving performance is
not straightforward. For example, older drivers with intermediate AMD have been shown to
have reduced risk of collision involvement but this might be due to self-regulatory behaviour
[14]. Recently, Wood et al. (2018) assessed people with AMD and peers with normal vision
under in-traffic conditions in an automatic, dual-brake vehicle. Interestingly, those with AMD
struggled with effectively scanning road scenes and subsequently made more observation-
based errors [15]. An overarching link between AMD and poorer driving performance is
unsubstantiated in the literature [15]. Moreover, as ageing populations continue to rise, discus-
sions on driving, VA and people with AMD will become more clinically and legally essential
[16]. We feel that real-world assessments of vision used in driving are pertinent in understand-
ing the impact of AMD on everyday visual tasks.
In this study we investigated computer-based real-world visual search performance in peo-
ple with AMD, using two novel assessments. First, using a collage of images of everyday objects
to mimic visual search in a busy environment. Second, a road sign detection task to imitate the
comprehension of approaching road signs while in a moving vehicle. We hypothesise that the
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We conducted a cross-sectional study as part of a programme of work described elsewhere [5,
17]. Individuals with dry AMD were recruited from Moorfields Eye Hospital Trust, London,
optometrists local to City, University of London and the membership of the Macular Society
(www.macularsociety.org). Our eligibility criteria required participants to be aged�60 years,
have adequately clear ocular media, sufficient pupillary dilation and fixation to allow quality
fundus imaging (Lens Opacities Classification System [LOCS] III grading scale [18] of grade
<3), and to have dry AMD (early/intermediate/late) in their better-seeing eye (assessed by
best-corrected VA [BVA]). Fellow eyes of individuals with dry AMD were allowed to have any
AMD status. BVA was required to be 0.7 logMAR or better (Snellen equivalent of 6/30) as
measured using an Early Treatment Diabetic Retinopathy Study (ETDRS) chart. AMD partici-
pants were excluded if they had wet AMD in their better-seeing eye, had any other ocular or
systemic diseases that could affect visual function or history of any medication known to alter
macular function (e.g. tamoxifen or chloroquine), or high risk of angle closure during pupil-
lary dilation (Van Herick<Grade 2, history of angle closure or experience of prodromal symp-
toms of angle closure). In addition, participants were required to pass an abridged version of
the Mini Mental State Evaluation (MMSE) [19] to screen for cognitive function. Lastly, partici-
pants had to have a sufficient understanding of the English language to understand the Partici-
pant Information Sheet, history and symptoms questioning and test instructions.
Visually healthy controls were recruited from the City Sight Optometry Clinic at City, Uni-
versity of London. People attending this clinic for eye examinations are invited to sign-up to
be contacted if they wish to be recruited for research studies for which they might be a poten-
tially suitable participant. Eligibility criteria for controls was the same as for people with AMD
except participants were required to have no AMD (or any other eye disease) in either eye, and
monocular VA of 0.3 logMAR (6/12) or better.
The study was approved by Nottingham 2 National Health Service (NHS) Research Ethics
Committee and was conducted according to the tenets of the Declaration of Helsinki (IRAS
ID: 166958). Written, informed consent was obtained from each participant prior to examina-
tion. Participant information was anonymised before being entered into a secure computer
database.
Clinical examination and screening
After providing informed consent, participants underwent a series of baseline examinations to
evaluate their AMD status and to ensure eligibility for participation, conducted by an optome-
trist (DJT). Medical history and symptoms were taken including questions from the EQ-5D
questionnaire. The EQ-5D questionnaire is a patient reported outcome measure (PROM) used
to determine general health status using five domains: mobility, self-care, usual activities, pain/
discomfort, and anxiety/depression [20]. This PROM gives an overall index score of general
health calculated by deducting the appropriate weights of each domain from 1, the value for
full health. Best corrected VA was determined via a backlit ETDRS chart (mean luminance of
203.5 cd m-2) at 4 metres (mono- and binocularly). Contrast sensitivity (CS) was tested with
the Pelli-Robson chart at 1 metre (binocularly) with best-corrected distance prescription,
scored per-letter [21].
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Following the study tests, participants underwent dilated fundus examination. Lens clarity
was graded using the slit lamp biomicroscope, according to the LOCS III grading scale [18].
Microperimetry (MP) was performed using the MAIA microperimeter (CenterVue, Padova,
Italy). A total of 37 points in a radial test pattern were tested over the central 10˚ of the retina,
measured using white Goldmann III targets presented for 200ms, and thresholds were calcu-
lated using the system’s full threshold 4–2 staircase strategy. In addition, fundus images were
obtained including digital colour fundus photography, spectral-domain optical coherence
tomography, and fundus autofluorescence. These were collectively used to classify and grade
AMD status by the better-seeing eye (determined by VA) as early, intermediate, or late accord-
ing to the Beckman classification scale [22]. This widely used scale grades macular disease sta-
tus according to drusen size, pigmentary abnormalities, and presence or absence of geographic
atrophy (GA) or neovascular AMD.
Study procedure
Participants were seated 50 cm away from a touch screen Dell 23 inch touch monitor—
P2314T (resolution 1920×1080), subtending an approximate visual angle of 54˚ horizontally
and 32˚ vertically. Participant head position was not fixed in order for the test to be as natural
as possible, although viewing distance was visually monitored and participants were reminded
to not to move closer or further away from the touch screen monitor. Tests were performed
binocularly using habitual refractive correction. Participants were able to move their eyes
freely and responded to the below tasks by touching the screen and the space bar on the key-
board. Tests were conducted in a darkened room to increase contrast of the computer screens
from the surrounding environment.
To account for response time (RT) differences between participants, a baseline RT was cal-
culated during the preliminary section of the tasks. The average time taken to touch the moni-
tor in absence of a detailed visual stimulus was recorded over 40 trials. This median baseline
RT was subtracted from the median task RTs of each participant to give a calibrated RT (S1
Video).
Visual search task procedure
For each trial, the participants were shown a random image of an everyday object in the centre
of the touch screen monitor for 0.5 seconds. These images were sourced from a previously
described database of 2400 everyday objects [23]. Participants were instructed by text on the
screen to touch the space bar when they were ready to select the image they had been shown.
The participants were then required to find and touch this target image as quickly as possible.
The participants did not receive feedback if they were correct or not. The target image was
within a 10x5 array of 49 different images of everyday objects, spaced uniformly. The target
image was randomly arranged at different locations within the array for each trial. There were
eight practice trials, followed by 40 test trials. (See Fig 1 and S2 Video). Note, the target image
shown at the start was the same size as the target image embedded in the array.
Road sign identification task procedures
There were two parts to the road sign identification task: single road signs and double road
signs (see Fig 1). During a trial of the single road sign task, participants were shown a dynamic
scene of a road in which they ‘approached’ a randomly selected road sign. All road signs
included were from the UK Highway Code [13] and could appear on either side of the road.
Participants were instructed to press the space bar when they identified the road sign
approaching. Immediately, the screen changed from the road scene to a presentation of four
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different road signs, including the correct target sign identified previously. Participants made
their choice by touching the sign on the screen. There were 12 practice trials to begin with and
then 40 test trials. (See S3 Video).
The double road sign task simply differed by presenting two road signs: the target image,
and a distractor. The target could be the upper or lower sign and the sign could appear on
either side of the road. As before, participants were instructed to press the space bar when they
identified the road signs and then choose (touch screen) the correct sign from four options.
The distractor was not one of the options. There were 12 practice trials to start and then, as
with the other tasks, 40 test trials. (See S4 Video).
For each of the three tasks (Fig 1), total correct responses (TCR) out of 40 were recorded.
RTs, calibrated by the baseline measure and censored at six seconds, were also recorded for
each trial. Median RT over all 40 trials was the main outcome measure for each person for
each the three tests. The median was chosen as a robust measure of overall person response.
Data analysis
A 90% normative reference limit was calculated from the sample of the median RTs from the con-
trol group. Due to the data being skewed, this limit was estimated by a direct percentile method
[24] using the formula n = (90/100) x N, where N = number of ordered (smallest to largest) values
in the sample and n = ordinal rank of a given value. Median RTs for the AMD groups were then
compared to this set ‘normative’ limit. The same analysis was conducted for the TCRs.
Average differences in test parameters between AMD severity groups were analysed with a
Kruskal-Wallis test and a post hoc analysis (Dunn’s test), adjusted for by Bonferroni correc-
tion. Simple univariate association (Spearman’s rank correlation coefficient) were evaluated
Fig 1. Task procedures. A schematic showing the task procedures for the visual search task (A) and both road sign tasks (B-C).
https://doi.org/10.1371/journal.pone.0243578.g001
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between outcome measures and visual function measures (VA, CS and MP measures [for the
better and worse eye]), and other factors such as age and EQ-5D index scores. (Non-paramet-
ric tests were chosen as the distribution of data were skewed.)
Statistical analysis was done in R 3.5.2 (http://www.r-project.org/) under RStudio, version
1.1.463 (RStudio, Boston, MA, USA) [25]. Plots were constructed using the ggplot2 packages
within R.
Results
Demographic and clinical data
Forty-nine participants (82% female) were included and stratified, according to the Beckman
classification scale using the better eye [22], into three groups: visually healthy (n = 11; age-
related), early/intermediate AMD (n = 16) and GA (n = 22). The groups were age similar and
the participants were in general good health (Table 1).
Visual search
For median RT for each individual’s 40 trials, 17 people with AMD (3 from early/intermediate
group and 14 from the GA group [44% of patients]) exceeded the 90% normative limit set by
the controls. There was a statistically significant difference in median RT between the groups
(Kruskal-Wallis test; P = .007). The GA group’s median RTs were significantly slower than the
control group (P = .030) and the early/intermediate group (P = .023) when compared with
post-hoc tests. However, the early/intermediate group’s median RTs were not significantly
slower than the control group. For TCR, 16 people with AMD (5 from early/intermediate
group and 11 from the GA group [42% of patient cohort]) exceeded the 90% normative limit
set by the controls. However, there was no evidence of a statistically significant difference
between median TCRs between groups (P = .342).
Single road sign
For RT, 19 people with AMD (6 from early/intermediate group and 13 from the GA group
[50% of AMD cohort]) exceeded the 90% normative limit. There was a statistically significant
difference in median RT between the groups (Kruskal-Wallis test; P = .004). The GA group’s
median RTs were significantly slower than the control group’s (P = .003) but not significantly
slower than the early/intermediate group’s RTs (P = .400) compared with post-hoc tests. The
early/intermediate group was not significantly slower than the control group’s median RTs.
For TCRs, 10 people with AMD (1 from early/intermediate group and 9 from the GA group
Table 1. Median (interquartile range; IQR) demographic and clinical data of participants.
Control (11) Early/Intermediate AMD (16) Geographic Atrophy (22)
Age (years) 75 (63, 81) 78 (61, 87) 76 (65, 86)
Duration of diagnosis (months) N/A 45 (24,120)a 50 (8, 360) a
Visual Acuity (logMAR) .00 (-.08, .12) b .13 (-.08, .7) .32 (.12, .7) b
Contrast Sensitivity (logCS) 1.95 (1.6, 1.95) 1.65 (1.05, 1.95) 1.55 (.3, 1.95) c
EQ-5D (index) 0.81 0.88 0.82
a Two Early/Intermediate and one GA participant’s AMD duration data was incomplete thus excluded.
b One Control and one GA participant’s visual acuity data was incomplete thus excluded.
c One GA participant’s contrast sensitivity data was incomplete so excluded.
There was no statistically significant variation of baseline response time between the participant groups (Kruskal-Wallis; P = .40).
https://doi.org/10.1371/journal.pone.0243578.t001
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[26% of patient cohort]) exceeded the 90% normative limit. There was a statistically significant
difference between the groups (Kruskal-Wallis test; P = .030). However, there were no signifi-
cant differences between TCRs once adjusted for multiple testing.
Double road sign
For RTs, 23 people with AMD (9 from early/intermediate group and 14 from the GA group
[61% of patient cohort]) exceeded the 90% normative limit. There was a statistically significant
difference between the groups (Kruskal-Wallis test; P = .004). Post hoc analysis indicated GA
group’s median RTs were significantly slower than the control group (P = .003). Although,
there was no evidence of a significant difference between the early/intermediate group and the
GA group’s median RTs and the early/intermediate group and the control group’s median
RTs. For TCRs, 7 people with AMD (3 from early/intermediate group and 4 from the GA
group [18% of patient cohort]) exceeded the 90% normative limits. There was no significant
difference between the TCRs of all groups (P = .433).
Results for all three tasks are further summarised Table 2 and Figs 2 and 3.
Correlation with clinical and demographic variables
Relationship of task performance with visual function, age and quality of life. Varying
levels of moderate association was found between RTs and measures of visual function (see Fig
4). The association between TCRs and visual function were generally weaker (S1 Fig). Age was
significantly correlated with RT in the road sign tasks (P = .01 for both), but not for the visual
search task. Age was not significantly correlated with TCR across all tasks. EQ-5D index score
was not significantly correlated with RTs or TCRs across all tasks.
Case studies
Two cases from the GA group who performed quite differently on the tasks have been
highlighted (see Fig 4 and S1 Fig). We examined their individual MP results from each eye to
determine if these data explained the lack of concordance.
Case 1 (80 year old male) and Case 2 (69 year old male) both have a similar level of BVA (0.42
and 0.44 logMAR, respectively), meaning under current UK law neither are permitted to drive
(see Fig 4). Both had a similar level of TCRs in all three tasks. However, Case 1 had poor RT on all
tasks and his MP thresholds indicate suspected widespread atrophy and dispersed fixation in both
eyes. Case 2 had RTs within the normative range set by the controls. His MP thresholds indicated
the least damaged area was the central visual field, with the left eye less damaged than the right.
Furthermore, Case 2’s fixation appeared steady compared to Case 1 (see Fig 5).
Discussion
In this study we investigated measures of visual search performance in people with AMD,
using two novel assessments that are more akin to real-world visual experience. The first mim-
icked search in a busy environment with a task to identify a single everyday object amongst a
Table 2. Median (IQR) task response times (seconds; s) and total correct responses.
Control (11) Early/Intermediate AMD (16) Geographic Atrophy (22)
RT (s) TCR (%) RT (s) TCR (%) RT (s) TCR (%)
Visual Search 1.9 (1.0,2.4) 98 (83,100) 1.8 (1.1,3.7) 98 (90,100) 2.4 (1.2,6.0) 95 (13,100)
Single Road Sign 1.2 (0.4,1.7) 100 (97,100) 1.5 (0.9,2.8) 97 (94,100) 1.8 (1,5.5.0) 97 (56,100)
Double Road Sign 1.7 (0.7,2.4) 92 (86,97) 2.3 (1.2,3.1) 94 (83,100) 2.5 (1.7,6.0) 92 (81,100)
https://doi.org/10.1371/journal.pone.0243578.t002
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large number of other objects. The second mimicked an everyday driving scene whereby an
approaching road sign must be identified, as if viewed from a moving vehicle. We found statis-
tically significant differences in performance between healthy controls, participants with early/
intermediate AMD and participants with GA.
Slower task performance in severe AMD
Our main finding was that slower performance in these real-world tasks of visual search was asso-
ciated with more severe AMD. Unsurprisingly, most people with GA performed outside the nor-
mative limit on all three tasks. This result is consistent with previous research that people with
AMD take longer than visually healthy people to search for real-world targets [5, 9] and in other
optotype-based visual tasks [7, 26–28]. Moreover, it agrees with previous research that people
with AMD have slower RTs in detection of traffic signals [29, 30]. This may imply a compensatory
increase in caution on the road as more time was taken to identify the road signs [14].
We did not find an overall significant difference in the percentage of TCR between people
with no AMD and people with AMD in the tasks. It appeared participants with AMD can
complete the tasks as well as visually healthy peers, but it takes them longer to do so. Perhaps
participants took longer to identify the target images as they may have appeared in their sco-
toma regions, making it harder for them to locate the images quickly. Although we did not
explicitly test for this, MP average thresholds did significantly correlate with TCR for the visual
search task and single road sign task. In turn, participants needed longer fixation durations to
Fig 2. Plot of median response times. Median response times (seconds) capped at 6 seconds for the three participant cohorts with respect to the
normative limit, shown as the shaded area. The normative limit for the visual search task was 2.28s, for the single road sign task was 1.65s and for the
double road sign task was 2.22s. �The original RTs for two GA group participants whom were capped at 6 seconds were 8.5 and 11.4 seconds. �� The
original RTs for three GA group participants whom were capped at 6 seconds were 7.4, 7.0 and 6.6 seconds.
https://doi.org/10.1371/journal.pone.0243578.g002
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perform the task effectively [28, 31, 32]. This is supported by studies using simulated scotomas in
visual search-based tasks [33] and illustrated by the observations in our two featured case studies.
These patients had similar levels of VA but performed differently in the tasks. The MP results of
Case 1 illustrated large scotoma that may have compromised the participant’s visual search
speed. Case 2 seemed to have a more complete visual field and completed the tasks quickly. Both
cases had a similar level of TCR, which suggest Case 2 was not sacrificing task precision for task
speed. Interestingly, while Case 2 achieved a marginally higher percentage of TCRs in the static
visual search task, this was not the case for the dynamic tasks. This may imply that when the tar-
get image moved, it may have been identified by Case 1’s healthier region of the retina and
resulted in a correct response. Therefore, MP may give complementary or additional informa-
tion about the visual function required to carry out real world search activities. Yet all this
remains speculation based on these cases and should be the subject of further work; this should
be done on a greater sample of participants and ought to include a multivariable analysis.
Association of task performance with standard measures of visual function
Response time was associated with measures of VA and CS. This is unsurprising and is sub-
stantiated in the literature [5, 7, 9, 26, 27, 34–37]. Yet, the equivalent (or marginally higher)
levels of association with CS measures is noteworthy. For example, it has been shown that
impaired CS has been associated with problems in high-risk driving situations [38] and crash
risks [39] compared to visually healthy controls, but has not been exclusively associated with
driving safety ratings [15].
Fig 3. Plot of median total correct responses. The total correct responses (%) of the three participant cohorts with respect to the normative limit
shown as the shaded area. The limit for the visual search task was 98%, for the single road sign task was 97% and for the double road sign task was 89%.
�Two participants from the GA group have been omitted as the axis was truncated at 70%. TCRs were 13% and 33%. ��One participant from the GA
group was omitted, TCR was 56%.
https://doi.org/10.1371/journal.pone.0243578.g003
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Our results provide a useful addition to the literature on driving performance and AMD,
highlighting problems that people with AMD may have with the task of identifying and react-
ing to road signs. Indeed, other research has indicated that people with AMD suffer from
insuffiecient observation techniques when driving [15, 30]. Remarkably CS, MP or assessment
of visual search is not used to compute minimum vision standards, set by the UK Driver &
Vehicle Licensing Agency (DVLA). These guidelines purely rely on VA [40]. However, our
data, and the two case studies, suggests that VA alone does not appear to tell a complete story
of visual performance for just one aspect of driving, that is timely detecting of road signs.
Future work and limitations
These tasks were designed to reflect some types of ‘everyday’ visual function. Tasks of this type
may feel more meaningful to person’s everyday visual experience compared to imperceptible
changes on vision-based charts. Of course, the latter are critical but our tasks could act as
potential secondary outcome measures that support measures from clinical charts. In turn we
Fig 4. Scatterplots showing relationship between median response time and clinical and demographic variables. Comparing measures of visual
function to the median response times (seconds) of the three tasks with respect to the normative limit set at 90% from the control group’s results
(shaded area). The average thresholds are calculated from microperimetry data. The dotted, vertical line on the top row of plots shows the minimum
visual acuity required to legally drive in the UK (0.3logMAR). Two case studies have been labelled on the visual acuity plots (1–2) to be further
discussed.
https://doi.org/10.1371/journal.pone.0243578.g004
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believe they would make an enjoyable and useful addition to clinics, especially if the tests
themselves could be performed on portable devices like a tablet computer. We have evaluated
the use of the visual search task on a tablet-based platform and the preliminary assessment
indicated that it provided a simple, quick and easy-to-administer measure of real-world visual
function in healthy volunteers [6]. Our study has indicated that these tasks can be used in peo-
ple with AMD and older adults. The potential applications include their use in clinic waiting
rooms, and as an objective complement to PROMs, especially in a clinical trial setting [6].
Fig 5. Microperimetry results for cases 1–2. Left eye (OS) and right eye (OD). The blue dots are the fixation points of the eye at time of measurement.
https://doi.org/10.1371/journal.pone.0243578.g005
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Furthermore, a low-contrast or scotopic version of our assessments may provide better dis-
crimination between visually healthy controls and people with AMD. This could be the subject
of future work. Moreover, whilst we refer to our assessments having a “real-world” element we
recognise they are, for example, dissimilar to everyday visual search tasks with fewer high level
elements like depth, overlap, differences in contrast and crowding. Still, we hope to build on
the existing literature on image modification in visual search to develop a task that has poten-
tial to be used as a secondary outcome measures [41].
We did not use any vision-related PROMs merely using EQ-5D as measure of general
health–this is a limitation of our study. While no significant correlations were found with the
EQ5D metric and test outcomes, it is possible that a vision-specific PROM may demonstrate
different results. Still, discrepancies between task performance and self-reported performance
have been previously reported [42] and this is noteworthy. We also did not incorporate mea-
sures of participant’s driving ability (experience of adverse driving event, for example) or per-
ception of driving ability—this is another limitation of our study. While these variables may
offer interesting additions, our task does not assess driving ability in people per se. We use it as
an example of identifying a moving target in a real-world setting. In addition, there has been
reported disagreement between self-reported adverse driving events and those officially
recorded in elderly populations [43]. Therefore, we chose to compare the test outcomes to fre-
quently used visual function assessments used in clinic e.g. VA, CS and mean sensitivity from
MP. A potential option for further work would be to evaluate other MP metrics like pattern
standard deviation [44, 45].
Another limitation of this study was that we did not individually compare data from early
and intermediate AMD groups. Our sample sizes were too small to do this. Furthermore, 82%
of our participants were female. Still, this was an exploratory study and it did yield statistically
significant effects in people with more advanced AMD. The tests were conducted in a univer-
sity research lab and we have now developed versions of the assessment that can be performed
on a tablet computer [6] and this is the subject of studies in hospital clinics.
A further limitation of the results may have resulted from the task itself. For example, in the
visual search task the target object was not presented simultaneously as the participant
searched for it. Although we screened for cognitive loss (participants were required to pass an
abridged version of the MMSE [19]) this memory component may have confounded our
results. One way to eliminate this potential limitation would be to retain the target image in
the centre of the screen throughout the trial. Indeed this is the approach we have taken with
the updated version of this this task in other studies [6].
Conclusions
We have explored the use of computer-based tasks mimicking everyday visual function such as
search and identification. We found participants with AMD, especially those with advanced
AMD in their better seeing eye, had worse average reaction times on these tasks when compared
to visually healthy peers. We found measures of standard visual function were associated with the
performance of these tasks. A surrogate task of everyday visual function, like searching for an
object or something related driving, is a meaningful reflection of everyday visual experience to a
person with AMD. The results from this exploratory study suggest these novel assessments, with
further development, could be useful as patient-relevant measures of everyday visual function.
Supporting information
S1 Video. Video demonstration of baseline testing procedure.
(MP4)
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S2 Video. Video demonstration of visual search task.
(MP4)
S3 Video. Video demonstration of single road sign task.
(MP4)
S4 Video. Video demonstration of double road sign task.
(MP4)
S1 Fig. Scatterplots showing relationship between median response time and clinical and
demographic variables. Measures of visual function compared to the percentage of total cor-
rect responses of the three tasks with respect to the normative limit set at 90% from the control
group’s results (shaded area). The average thresholds are calculated from microperimetry data.
The dotted, vertical line on the top three plots shows the minimum visual acuity required to
legally drive in the UK (0.3logMAR). Two case studies have been labelled on the visual acuity
plots (1–2). Significant correlations were found between some measures of visual function and





The authors thank the Macular Society for their invaluable help with participant recruitment.
Author Contributions
Conceptualization: Bethany E. Higgins, Deanna J. Taylor, David P. Crabb.
Data curation: Bethany E. Higgins, Deanna J. Taylor.
Formal analysis: Bethany E. Higgins.
Funding acquisition: Deanna J. Taylor, David P. Crabb.
Investigation: Bethany E. Higgins, Deanna J. Taylor.
Methodology: Bethany E. Higgins, Deanna J. Taylor, Wei Bi, David P. Crabb.
Project administration: Bethany E. Higgins, Deanna J. Taylor, Alison M. Binns, David P.
Crabb.
Resources: Bethany E. Higgins, Wei Bi.
Software: Bethany E. Higgins, Wei Bi.
Supervision: Deanna J. Taylor, Alison M. Binns, David P. Crabb.
Validation: Bethany E. Higgins, Deanna J. Taylor, Alison M. Binns, David P. Crabb.
Visualization: Bethany E. Higgins, Deanna J. Taylor, Alison M. Binns.
Writing – original draft: Bethany E. Higgins.
Writing – review & editing: Bethany E. Higgins, Deanna J. Taylor, Alison M. Binns, David P.
Crabb.
PLOS ONE Computer-based tests of everyday visual function in people with AMD
PLOS ONE | https://doi.org/10.1371/journal.pone.0243578 December 7, 2020 13 / 16
References
1. Quartilho A, Simkiss P, Zekite A, Xing W, Wormald R, Bunce C. Leading causes of certifiable visual
loss in England and Wales during the year ending 31 March 2013. Eye (Basingstoke). 2016; 30: 602–
607. https://doi.org/10.1038/eye.2015.288 PMID: 26821759
2. Minassian DC, Reidy A, Lightstone A, Desai P. The vast majority of people diagnosed with AMD have
the ‘“dry”‘ form of the disease (early and intermediate AMD, and late AMD [geographic atrophy, GA]),
for which there is no available treatment to arrest progressive loss of vision. British Journal of Ophthal-
mology. 2011. https://doi.org/10.1136/bjo.2010.195370 PMID: 21317425
3. Hassell JB, Lamoureux EL, Hassell J. Impact of age related macular degeneration on quality of life. Br J
Ophthalmol. 2006; 90: 593–596. https://doi.org/10.1136/bjo.2005.086595 PMID: 16622089
4. Taylor DJ, Hobby AE, Binns AM, Crabb DP. How does age-related macular degeneration affect real-
world visual ability and quality of life? A systematic review. BMJ Open. 2016; 6: e011504. https://doi.
org/10.1136/bmjopen-2016-011504 PMID: 27913556
5. Taylor DJ, Smith ND, Crabb DP. Searching for objects in everyday scenes: Measuring performance in
people with dry age-related macular degeneration. Investigative Ophthalmology and Visual Science.
2017; 58: 1887–1892. https://doi.org/10.1167/iovs.16-21122 PMID: 28358960
6. Jones PR, Tigchelaar I, Demaria G, Wilson I, Bi W, Taylor DJ, et al. Refinement and preliminary evalua-
tion of two tablet-based tests of real-world visual function. Ophthalmic and Physiological Optics. 2020;
40: 35–46. https://doi.org/10.1111/opo.12658 PMID: 31879994
7. Kuyk TK, Liu L, Fuhr PSW. Feature search in persons with severe visual impairment. Vision Research.
2005; 45: 3224–3234. https://doi.org/10.1016/j.visres.2005.07.019 PMID: 16139858
8. Jacko JA, Barreto AB, Scott IU, Chu JYM, Vitense HS, Conway FT, et al. Macular degeneration and
visual icon use: deriving guidelines for improved access. Universal Access in the Information Society.
2002. https://doi.org/10.1007/s102090100015
9. Thibaut M, Delerue C, Boucart M, Tran THC. Visual exploration of objects and scenes in patients with
age-related macular degeneration. Journal Francais d’Ophtalmologie. 2016; 39: 82–89. https://doi.org/
10.1016/j.jfo.2015.08.010 PMID: 26707755
10. Aspinall PA, Borooah S, Al Alouch C, Roe J, Laude A, Gupta R, et al. Gaze and pupil changes during
navigation in age-related macular degeneration. The British journal of ophthalmology. 2014; 98: 1393–
7. https://doi.org/10.1136/bjophthalmol-2014-305032 PMID: 24831715
11. Thibaut M, Tran THC, Szaffarczyk S, Boucart M. Impact of age-related macular degeneration on object
searches in realistic panoramic scenes. Clinical and Experimental Optometry. 2018; 101: 372–379.
https://doi.org/10.1111/cxo.12644 PMID: 29171100
12. Driving eyesight rules—GOV.UK. [cited 8 Apr 2020]. Available: https://www.gov.uk/driving-eyesight-
rules
13. Driving Standards Agency—Great Britain. The Official Highway Code. Stationery Office Books; New Ed
edition (28 Sept. 2007); 2007.
14. McGwin G, Mitchell B, Searcey K, Albert MA, Feist R, Mason JO, et al. Examining the association
between age-related macular degeneration and motor vehicle collision involvement: A retrospective
cohort study. British Journal of Ophthalmology. 2013; 97: 1173–1176. https://doi.org/10.1136/
bjophthalmol-2013-303601 PMID: 23832967
15. Wood JM, Black AA, Mallon K, Kwan AS, Owsley C. Effects of age-related macular degeneration on
driving performance. Investigative Ophthalmology and Visual Science. 2018; 59: 273–279. https://doi.
org/10.1167/iovs.17-22751 PMID: 29340641
16. Patnaik JL, Pecen PE, Hanson K, Lynch AM, Cathcart JN, Siringo FS, et al. Driving and Visual Acuity in
Patients with Age-Related Macular Degeneration. Ophthalmology Retina. 2019; 3: 336–342. https://doi.
org/10.1016/j.oret.2018.11.004 PMID: 31014686
17. Taylor DJ, Smith ND, Binns AM, Crabb DP. The effect of non-neovascular age-related macular degen-
eration on face recognition performance. Graefe’s Archive for Clinical and Experimental Ophthalmol-
ogy. 2018; 256: 815–821. https://doi.org/10.1007/s00417-017-3879-3 PMID: 29484559
18. Chylack LT, Wolfe JK, Singer DM, Leske MC, Bullimore MA, Bailey IL, et al. The Lens Opacities Classi-
fication System III. The Longitudinal Study of Cataract Study Group. Archives of ophthalmology (Chi-
cago, Ill: 1960). 1993; 111: 831–6. https://doi.org/10.1001/archopht.1993.01090060119035 PMID:
8512486
19. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical method for grading the cognitive
state of patients for the clinician. Journal of Psychiatric Research. 1975; 12: 189–198. https://doi.org/10.
1016/0022-3956(75)90026-6 PMID: 1202204
20. Rabin R, De Charro F. EQ-5D: A measure of health status from the EuroQol Group. Annals of Medicine.
2001. pp. 337–343. https://doi.org/10.3109/07853890109002087 PMID: 11491192
PLOS ONE Computer-based tests of everyday visual function in people with AMD
PLOS ONE | https://doi.org/10.1371/journal.pone.0243578 December 7, 2020 14 / 16
21. Elliott DB, Whitaker D, Bonette L. Differences in the legibility of letters at contrast threshold using the
Pelli-Robson chart. Ophthalmic and Physiological Optics. 1990; 10: 323–326. https://doi.org/10.1111/j.
1475-1313.1990.tb00877.x PMID: 2263364
22. Ferris FL, Wilkinson CP, Bird A, Chakravarthy U, Chew E, Csaky K, et al. Clinical classification of age-
related macular degeneration. Ophthalmology. 2013; 120: 844–851. https://doi.org/10.1016/j.ophtha.
2012.10.036 PMID: 23332590
23. Brady TF, Konkle T, Alvarez GA, Oliva A. Visual long-term memory has a massive storage capacity for
object details. Proceedings of the National Academy of Sciences of the United States of America. 2008;
105: 14325–14329. https://doi.org/10.1073/pnas.0803390105 PMID: 18787113
24. Schoonjans F, De Bacquer D, Schmid P. Estimation of population percentiles. Epidemiology (Cam-
bridge, Mass). 2011; 22: 750–1. https://doi.org/10.1097/EDE.0b013e318225c1de PMID: 21811118
25. 3.5.1. RDCT. A Language and Environment for Statistical Computing. R Foundation for Statistical Com-
puting. 2018.
26. MacKeben M, Fletcher DC. Target Search and Identification Performance in Low Vision Patients. Inves-
tigative Opthalmology & Visual Science. 2011; 52: 7603. https://doi.org/10.1167/iovs.10-6728 PMID:
21873676
27. Van der Stigchel S, Bethlehem RAI, Klein BP, Berendschot TTJM, Nijboer TCW, Dumoulin SO. Macular
degeneration affects eye movement behavior during visual search. Frontiers in Psychology. 2013; 4:
579. https://doi.org/10.3389/fpsyg.2013.00579 PMID: 24027546
28. Coeckelbergh TR. M, Cornelissen FW, Brouwer WH, Kooijman AC. The effect of visual field defects on
eye movements and practical fitness to drive. Vision Research. 2002; 42: 669–677. https://doi.org/10.
1016/s0042-6989(01)00297-8 PMID: 11853783
29. Lovie-Kitchin JE, Brown B. Reaction time in age-related maculopathy. Optometry and Vision Science.
1986. https://doi.org/10.1097/00006324-198605000-00008 PMID: 3717289
30. Szlyk JP, Pizzimenti CE, Fishman GA, Kelsch R, Wetzel LC, Kagan S, et al. A Comparison of Driving in
Older Subjects With and Without Age-Related Macular Degeneration. Archives of Ophthalmology.
1995; 113: 1033–1040. https://doi.org/10.1001/archopht.1995.01100080085033 PMID: 7639654
31. Murphy KSJ, Foley-Fisher JA. Visual search with non-foveal vision. Ophthalmic and Physiological
Optics. 1988; 8: 345–348. https://doi.org/10.1111/j.1475-1313.1988.tb01065.x PMID: 3269513
32. Ford A, White CT, Lichtenstein M. Analysis of Eye Movements during Free Search. Journal of the Opti-
cal Society of America. 1959; 49: 287. https://doi.org/10.1364/josa.49.000287 PMID: 13631563
33. Geringswald F, Herbik A, Hoffmann MB, Pollmann S. Contextual cueing impairment in patients with
age-related macular degeneration. Journal of Vision. 2013; 13: 28–28. https://doi.org/10.1167/13.3.28
PMID: 24029899
34. Monés J, Rubin GS. Contrast sensitivity as an outcome measure in patients with subfoveal choroidal
neovascularisation due to age-related macular degeneration. Eye. 2005; 19: 1142–1150. https://doi.
org/10.1038/sj.eye.6701717 PMID: 15467700
35. Rubin GS, West SK, Muñoz B, Bandeen-Roche K, Zeger S, Schein O, et al. A comprehensive assess-
ment of visual impairment in a population of older Americans: The SEE Study. Investigative Ophthal-
mology and Visual Science. 1997; 38: 557–568. https://doi.org/10.1016/s0002-9394(14)70808-6 PMID:
9071208
36. Rubin GS, Roche KB, Prasada-Rao P, Fried LP. Visual impairment and disability in older adults.
Optometry and vision science: official publication of the American Academy of Optometry. 1994; 71:
750–60. https://doi.org/10.1097/00006324-199412000-00005 PMID: 7898882
37. Haegerstrom-Portnoy G, Schneck ME, Lott LA, Brabyn JA. The relation between visual acuity and other
spatial vision Measures. Optometry and Vision Science. 2000; 77: 653–662. https://doi.org/10.1097/
00006324-200012000-00012 PMID: 11147735
38. McGwin G, Chapman V, Owsley C. Visual risk factors for driving difficulty among older drivers. Accident
Analysis & Prevention. 2000; 32: 735–744. https://doi.org/10.1016/s0001-4575(99)00123-2 PMID:
10994600
39. Owsley C, Stalvey BT, Wells J, Sloane ME, McGwin G. Visual Risk Factors for Crash Involvement in
Older Drivers With Cataract. Archives of Ophthalmology. 2001; 119: 881. https://doi.org/10.1001/
archopht.119.6.881 PMID: 11405840
40. UK Driver & Vehicle Licensing Agency. Assessing fitness to drive–a guide for medical professionals.
2018; 1–142.
41. Wiecek E, Jackson M Lou, Dakin SC, Bex P. Visual Search with Image Modification in Age-Related
Macular Degeneration. Investigative Opthalmology & Visual Science. 2012; 53: 6600. https://doi.org/
10.1007/s12015-017-9750-4 PMID: 28643176
PLOS ONE Computer-based tests of everyday visual function in people with AMD
PLOS ONE | https://doi.org/10.1371/journal.pone.0243578 December 7, 2020 15 / 16
42. Friedman SM, Munoz B, Rubin GS, West SK, Bandeen-Roche K, Fried LP. Characteristics of discrep-
ancies between self-reported visual function and measured reading speed. Investigative Ophthalmol-
ogy and Visual Science. 1999. PMID: 10102282
43. McGwin G, Owsley C, Ball K. Identifying crash involvement among older drivers: Agreement between
self-report and state records. Accident Analysis and Prevention. 1998. https://doi.org/10.1016/s0001-
4575(98)00031-1 PMID: 9805521
44. Denniss J, Baggaley HC, Brown GM, Rubin GS, Astle AT. Properties of visual field defects around the
monocular preferred retinal locus in age-related macular degeneration. Investigative Ophthalmology
and Visual Science. 2017. https://doi.org/10.1167/iovs.16-21086 PMID: 28524928
45. Pfau M, Lindner M, Steinberg JS, Thiele S, Brinkmann CK, Fleckenstein M, et al. Visual field indices
and patterns of visual field deficits in mesopic and dark-adapted two-colour fundus-controlled perimetry
in macular diseases. British Journal of Ophthalmology. 2018. https://doi.org/10.1136/bjophthalmol-
2017-311012 PMID: 29146759
PLOS ONE Computer-based tests of everyday visual function in people with AMD
PLOS ONE | https://doi.org/10.1371/journal.pone.0243578 December 7, 2020 16 / 16
